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Monodispersed Co/CoO cluster assemblies with the mean cluster size of 13 nm have been prepared using a plasma-gas-
condensation-type cluster beam deposition apparatus. The structural analysis and magnetic measurement indicate that the
Co cluster is covered by an oxide shell composed of CoO. The effect of the oxygen gas flow rate during deposition and
that of temperature on the coercivity and hysteresis loop shift induced by field cooling were measured. The effect of the
CoO shell on the loop shift and the temperature dependence of the exchange anisotropy are discussed. The unidirectional
anisotropy is negligible above 200 K for the present assemblies. This is ascribed to the rapid decrease of the anisotropy of the
antiferromagnetic interfacial layers near the interface of the Co cores and CoO shells.




Unidirectional exchange anisotropy (UEA) was discovered
in field- cooled Co/CoO particles1) more than 40 years ago. It
is caused by the strong exchange coupling between the ferro-
magnetic (FM) Co core and the antiferromagnetic (AF) CoO
layer. A typical UEA effect is the marked shift of the hystere-
sis loop against the applied field, commonly referred to as a
loop shift,1Hc, when field cooling the system from tempera-
tures above the Néel temperatureTN of the AF toT < TN. Re-
lated phenomena have been studied theoretically2–5) and ex-
perimentally,6–12) because they are technologically important
to domain stabilizers in magnetoresistive heads13) and spin-
valve-based devices.14) However, the physical origin of the
UEA has not been well explained. The first simple model1)
on the unidirectional anisotropy was based upon a perfect un-
compensated plane of the AF at the interface, and predicted
1Hc which was two orders of magnitude larger than the ob-
served ones. Mauriet al.2) provided an explanation for the
reduction of1Hc: the formation of a domain wall parallel to
the interface markedly lowers the energy required to reverse
the magnetization. Alternatively, Koon4) predicted a correct
value for1Hc as a result of using a perpendicular orienta-
tion between the FM and AF moments, similar to the classi-
cal spin-flop state in bulk AF. The theoretical models mainly
focused on explaining the unidirectional anisotropy and ob-
taining the correct order of1Hc. However, they predicted
no effect on the coercivityHc, although a shifted hysteresis
loop is always accompanied by an enhancement of the co-
ercivity, which is much larger than the intrinsic value of the
FM core1,7) or layer.6) Moreover, for small CoO-coated Co
clusters, the reversal mechanism and actual roughness at the
core-shell interface are different from that for simple FM/AF
bilayers because of the single-domain structure of Co core
grains and the small size of cores and shell crystallites.
We have recently constructed a plasma-gas-condensation
(PGC)-type cluster beam deposition apparatus15,16) based
upon both plasma-glow-discharge vaporization and the inert
gas condensation technique.17) Using this system, we have
succeeded in obtaining monodispersed transition metal clus-
ters with the mean sized = 6 to 15 nm and a standard devia-
tion of less than 10% of the mean sizes. The monodispersed
3× 10−4 Torr by changing the flow rate of oxygen gas (RO2).
The initial stage of cluster deposition on the microgrids was
observed using a Hitachi HF-2000 transmission electron mi-
croscope (TEM). The cluster assemblies were formed on a
polyimide film at room temperature with the apparent thick-
ness of about 100 nm, as measured using a quartz thickness
monitor. Magnetic measurements were performed, using a
superconducting quantum interference device with a magne-
t meter, between 5 and 390 K with the maximum magnetic
field of 50 kOe.
3. Results
We can control the cluster size by changingRAr and RHe.
Figure 1 shows (a) a TEM image and (b) an electron diffrac-
tion pattern of the oxide-coated Co clusters prepared atRAr =
500 sccm andRO2 = 0.44 sccm. As shown here, the clus-
ters are almost monodispersed; the mean diameter,d, is
about 13 nm. The electron diffraction pattern clearly indi-
cates the coexistence of fcc Co and CoO phases, while the
high-resolution image shows that the Co clusters are covered
with the small CoO shell crystallites, namely, they possess a
well-defined core-shell-type structure.18)
Hysteresis loops were measured at 5 K after zero field cool-
ing (ZFC) and field cooling (FC) the samples from 300 to 5 K
Co/CoO cluster assemblies thus obtained revealed the char-
acteristic tunnel-type conductivity and magnetoresistance ef-
fect, arising from the uniform size of Co cores and thickness
of CoO shells.18) In this paper, we describe the magnetic prop-
erties and UEA of the monodispersive Co/CoO cluster assem-
blies prepared by the PGC-type cluster beam deposition tech-
nique. We discuss the effect of the oxide shell composed of a
single CoO phase on the loop displacement and the tempera-
ture dependence of the UEA effect.
2. Experimental
The samples were prepared by the PGC-type cluster beam
deposition apparatus. The details of cluster deposition were
described elsewhere.15,16) We introduced oxygen gas through
a nozzle set near the skimmer into the deposition chamber to
form cobalt oxide shells covering the Co clusters before de-
position on the substrate. This process ensures that all Co
clusters are uniformly oxidized before the cluster assemblies
are formed.18) For constantRAr or RAr + RHe, the gas pres-
sure in the deposition chamber can be adjusted to lower than
in a magnetic field,H , of 20 kOe. The direction ofH used
to measure the loops was parallel to that of the cooling field.
Figure 2 shows the ZFC and FC loops of the Co/CoO cluster
assemblies withd = 13 nm prepared atRO2 = 0 and 1 sccm.
For the sample withRO2 = 1 sccm, a large loop shift along
the opposite direction of the cooling field is detected in the FC
loop, while a symmetric feature is obtained in the ZFC loop
(the loop shift1Hc = HZFCc − HFCc , whereHZFCc and HFCc
are indicated by arrows in Fig. 2(b)). This confirms the pres-
ence of the UEA due to the strong exchange coupling between
the FM Co core and the AF CoO shell. ForRO2 = 0 sccm
[Fig. 2(a)], the shift appears but it is much smaller than that
for RO2 = 1 sccm [Fig. 2(b)]. This is due to partial oxidation
of the cluster assembly by exposing it only to the ambient
atmosphere.
Figure 3 shows the coercivity,Hc, and1Hc as a function
of RO2 for the Co/CoO cluster assemblies withd = 13 nm.
1Hc initially increases with increasingRO2 and then becomes
constant aboveRO2 = 1 sccm, probably because the oxida-
tion does not progress any further and has reached a stable
state forRO2 > 1 sccm in the low-O2-pressure atmosphere
(<3× 10−4 Torr). Moreover, it should be noted thatHc also
rapidly increases with increasingRO2, up to about 2.5 kOe at
RO2 = 1 sccm. ThisHc value is larger than that of Ag-coated
Co particles (500–2000 Oe ford = 5–13 nm).7) These results
clearly suggest that the exchange interaction plays an impor-
tant role in the increase ofHc and1Hc because the volume
fractions of the FM Co cores and AF CoO shells change with
RO2. Recently,1Hc andHc have been discussed with respect
to the Parmalloy/CoO bilayers12) as a theoretical extension of
Malozemoff’s model.3) The UEA effect is interpreted in terms
Fig. 1. (a) TEM image and (b) electron diffraction pattern of the ini-
tial stage of the CoO-coated Co clusters (with mean cluster diameter of
d = 13 nm) prepared on a carbon microgrid at the Ar gas flow rate of
RAr = 500 sccm and the O2 gas flow rate ofRO2 = 0.44 sccm. The
diffraction rings: 2, 3, 5 and 6 are for {111}, {200}, {220} and {311} of
the fcc-Co phase, respectively, and 1 and 4 for {111} and {220} of the
CoO phase, respectively.
Fig. 3. Coercivity,Hc, and loop shift,1Hc, as a function of the O2 gas
flow rate,RO2, for the Co/CoO cluster assemblies withd = 13 nm.
Fig. 2. Hysteresis loops of the zero-field-cooled (ZFC) and field-cooled
(FC) Co/CoO cluster assemblies with the mean cluster size ofd = 13 nm
prepared at the O2 gas flow rateRO2 of (a) 0 sccm and (b) 1 sccm.
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Ms(T)/Ms(5 K), (b) Hc and (c)1Hc as a function of temper-
ature for the Co/CoO cluster assemblies withd = 13 nm pre-
pared atRO2 = 0, 0.44, 1 and 2 sccm. TheMs(T)/Ms(5 K)
values for all the samples slightly decrease with increasing
temperature, and the decreasing rate increases with increas-
ing RO2. Hc monotonically decreases with increasing temper-
ature forRO2 = 0 sccm, whileHc does not change markedly
below 100 K and decreases rather rapidly with increasing
temperature above 100 K forRO2 = 0.44, 1 and 2 sccm. The
Hc values at 300 K forRO2 = 0.44, 1 and 2 sccm are smaller
than that forRO2 = 0 sccm. Such a temperature depen-
dence clearly indicates an effect of the degree of oxidation.
For RO2 = 0 sccm, the Co cluster assemblies were prepared
without introducing oxygen gas, and were only partially ox-
idized when exposed to the ambient atmosphere. Thus, the
of random exchange fields due to interface roughness and im-
perfection between the FM and AF, to give the correct order
of magnitude for1Hc. The enhancement ofHc was attributed
to the pinning of the domain walls in the FM layer by local-
energy minima created by the random interaction field with
the AF layer.
Figure 4 shows (a) the reduced saturation magnetization,
Fig. 4. Temperature dependence of (a) reduced saturation magnetization,
Ms(T)/Ms(5 K), (b) Hc and (c)1Hc for the Co/CoO cluster assemblies
with d = 13 nm prepared at differentRO2.
amount of oxide is very small and the exchange interaction
is weaker than those in the Co/CoO cluster assemblies pre-
pared withRO2 > 0 sccm, leading to a large difference in
Hc betweenRO2 = 0 and>0 sccm in a low temperature
range. At 300 K, on the contrary,Hc for RO2 = 0 sccm is
larger than that forRO2 > 0 sccm. This crossover ofHc for
RO2 = 0 andRO2 > 0 sccm is interpreted as follows. In the
present study, the initial Co cluster size is controlled at about
13 nm and the CoO layer thickness increases with increasing
RO2. In other words, the effective size of the FM Co cores
is larger for RO2 = 0 sccm thanRO2 > 0 sccm. At 300 K,
the CoO shells become paramagnetic because ofTN = 293 K
for bulk CoO. Then, the effective magnetic anisotropy energy
which suppresses the superparamagnetic thermal fluctuation
is larger for the samples prepared withRO2 = 0 sccm than
those withRO2 > 0 sccm, causing a difference inHc. As seen
in Fig. 4(c),1Hc also depends onRO2. For RO2 = 0 sccm,
1Hc is not zero but is not as large as that forRO2 > 0 sccm.
For RO2 > 0 sccm,1Hc rapidly decreases with increasing
temperature and disappears at aboutTv = 200 K, whereTv is
much lower than the Néel temperature of the bulk CoO, being
d pendent on the degree of surface oxidation. A similar result
observed for oxide-passivated Co fine particles was attributed
to the superparamagnetic behavior of the antiferromagnetic
oxide shell with very small crystallites above a blocking tem-
perature (150 K).7) The superparamagnetism of small AF par-
ticles is associated with uncompensated surface spin. How-
ever, as discussed in §4, the disappearance of the loop shift
above 200 K for the CoO-coated Co cluster assemblies is due
to the spin disorder at or near the core-shell interface.
4. Discussion
Compared with the oxide-passivated Co fine particles7) pre-
pared by the vapor deposition technique, in which the oxide
shell is composed of Co3O4 and CoO phases, the effective
temperature range of the unidirectional exchange anisotropy
is different in the present Co/CoO cluster assemblies. We
measured the loop shift by the following two different cool-
ing procedures. 1) Specimens were cooled in a zero field from
300 K to a temperatureTi , and further cooled inH = 20 kOe
from Ti to 10 K at which the magnetic hysteresis loops were
measured; 2) specimens were cooled inH = 20 kOe from
300 K to a temperatureTf , and further cooled in a zero field
from Tf to 10 K at which the magnetic hysteresis loops were
measured. Figure 5 shows the measured1Hc for the sam-
ple with d = 13 nm prepared atRO2 = 1 sccm as a func-
tion of temperaturesTi andTf . In curve (a),1Hc = 0.5 kOe
for Ti = 30 K, and is only about 10% of the largest shift
(1Hc = 5.3 kOe) forTi > 200 K, while in curve (c) (from
ref. 7), 1Hc ≈ 3.09 kOe even forTi = 30 K, and is al-
most 95% of the largest shift forTi > 200 K as well as in-
sensitive toTi . Moreover, in curve (b),1Hc does not de-
pend onTf for Tf ≤ 50 K and rapidly decreases with in-
creasingTf for Tf > 50 K, while in curve (d) (from ref. 7),
it monotonically decreases with increasingTf . These differ-
ences in the change of1Hc with Ti andTf between the present
oxide-coated Co cluster assemblies and the samples in ref. 7
clearly indicate that in the former, the oxide shells consist of
CoO and in the latter, they are composed of CoO and Co3O4,
where Co3O4 has a much lower Néel temperature than the
bulk Co3O4 (about 40 K). In addition, it is noteworthy that in
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crystallites as well as the spin-flop coupling between the FM
and AF moments,4,5,10) the exchange interaction between the
FM core and the AF shell is decreased, leading to the negligi-
ble loop shift above 200 K.
5. Conclusions
Using the PGC-type cluster beam deposition technique and
oxidation process under low pressure (<3× 10−4 Torr), we
have obtained monodispersed Co cluster assemblies covered
by an oxide shell composed of the single CoO phase. The
coercivity and the loop shift strongly depend on the extent
of surface oxidization which dominates the exchange cou-
pling between the ferromagnetic Co core and antiferromag-
netic CoO shell. The UEA is negligible above 200 K for the
present assembly, being ascribed to the rapid decrease of the
anisotropy of the AF interfacial layers near the interface of
the Co cores and CoO shells.
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curve (b),1Hc is not zero and increases with the decrease of
Tf at Tf > 200 K. This behavior implies the retainment of the
exchange anisotropy even atT > 200 K although the loop
shift measurements atT > 200 K (Fig. 4) show that1Hc
cannot be detected above 200 K. In order to further exam-
ine the effective temperature range of the exchange interac-
tion, we measured low-field thermomagnetic curves,MZFC-T
and MFC-T , for the present CoO-coated Co cluster assem-
bly with d = 13 nm prepared atRO2 = 1 sccm (Fig. 6).
As seen from Fig. 6, a distinct magnetic cooling effect is ob-
served at low temperatures. The ZFC magnetization is very
small and remains almost unchanged below 140 K because
of the strong exchange interaction between the Co core and
CoO shell. When the temperature is above 140 K, both ZFC
and FC magnetizations start to increase. The ZFC magneti-
zation increases more slowly from 180 to 300 K than from
300 to 390 K, indicating that the magnetic anisotropy of the
CoO shell is still marked between 200 and 290 K. Consid-
ering spin canting19,20) or spin disorder21) near the core-shell
interface due to the small size of the Co cores and CoO shell
Fig. 5. Loop shift,1Hc, measured at 10 K. (a) and (b) show the present
monodispersed Co/CoO cluster assembly withd = 13 nm prepared at
RO2 = 1 sccm; (c) and (d) from ref. 7.Ti is the temperature at which
the field cooling began andTf is the temperature at which the field cooling
was stopped after being field cooled from 300 K.
Fig. 6. Low-field thermomagnetic curves,MZFC–T and MFC–T , for the
Co/CoO cluster assembly withd = 13 nm prepared atRO2 = 1 sccm.
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